ABSTRACT: Dried distillers grains with solubles (DDGS) can decrease rumen pH because of their inherent acidity. Two replicated 4 × 4 Latin square experiments were conducted with ruminally fi stulated heifers to determine the effects of dietary inclusion and NaOH treatment of DDGS on rumen metabolism. In Exp. 1, dietary treatments were 0%, 20%, 40%, or 60% DDGS on a DM basis. The remainder of the diet was 15% corn silage, 20% vitamin-mineral supplement, and corn (to replace DDGS) on a DM basis. Dry matter intake decreased (linear; P < 0.01) with increasing dietary inclusion of DDGS. Rumen pH was less than 5.3 from 1.5 to 12 h after feeding regardless of dietary DDGS inclusion, and mean rumen pH tended to decrease (linear; P = 0.08) with increasing DDGS. Rumen fl uid S 2− and rumen H 2 S gas concentrations increased (P < 0.01) with increasing DDGS inclusion at all time points postfeeding. At 3 h after feeding, ruminal concentrations of acetate, propionate, and total VFA increased linearly (P < 0.04) with increasing dietary inclusion of DDGS. Acetate to propionate ratio (A:P) ranged from 0.97 to 1.25 and was not affected (P = 0.88) by diet over time.
In Exp. 2, dietary treatments were 1) 25% DDGS inclusion, untreated, 2) 60% DDGS inclusion, untreated, 3) 25% DDGS inclusion, treated with 2% NaOH, and 4) 60% DDGS inclusion, treated with 2% NaOH. Dry matter intake decreased (P < 0.01) when 60% DDGS was included in the diet regardless of NaOH treatment. Mean rumen pH was greater (P < 0.01) when NaOHtreated DDGS was fed regardless of dietary inclusion level. There were interactions (P ≤ 0.06) of NaOH treatment by DDGS inclusion by time for mean H 2 S and S 2− concentrations. These interactions occurred because the magnitude of the response to NaOH treatment was greater for the 60% DDGS diets than for the 25% DDGS diets only from 1.5 to 9 h postfeeding. There were no interactions (P > 0.05) of NaOH treatment by DDGS inclusion on VFA concentrations. Acetate concentration decreased (P = 0.04) in cattle fed 60% DDGS diets at 0 h, but at 3 h postfeeding it tended to increase (P = 0.06). Total lactate was less than 1.30 for all dietary treatments at all time points. Treating DDGS with 2% NaOH may increase rumen pH and decrease H 2 S, thereby alleviating polioencephalomalacia.
INTRODUCTION
The use of sulfuric acid in the ethanol production process leads to S accumulation in dried distillers grains with solubles (DDGS; Klopfenstein et al., 2008; Felix and Loerch, 2011) . Increased S, with high dietary inclusion of DDGS, contributes to reduced performance, reduced quality grade, and increased risk of polioencephalomalacia (PEM) in feedlot cattle (Ham et al., 1994; Gould et al., 2002; Reinhardt et al., 2007) . Few studies have evaluated the impact of high DDGS inclusion on rumen metabolism. Leupp et al. (2009) found that acetate decreased linearly with increasing DDGS inclusion in the diet and propionate increased, resulting in a decreased acetate:propionate ratio (A:P). However, Ham et al. (1994) showed no difference in the production of acetate or propionate when diets consisted of 0% or 40% DDGS. Polioencephalomalacia is a potentially fatal disease in feedlot cattle that can be S induced. In the rumen, sulfates are reduced to sulfi de, which can then form hydrogen sulfi de gas (H 2 S; Lewis, 1954) . Inhalation of H 2 S allows it to enter the brain via pulmonary circulation (Kung et al., 2000) . Therefore, the risk of PEM is dependent on the concentration of H 2 S in the rumen (Gould, 1998) . Reduction of sulfates occurs more rapidly when diets high in carbohydrates and low in effective fi ber are fed (Lewis, 1954; Gould et al., 1997) , presumably because of the lower rumen pH. Felix and Loerch (2011) found that cattle consuming 60% DDGS diets with low forage had rumen pH values less than 5.2 for more than 12 h after feeding. Data are lacking concerning the effects of increasing dietary DDGS on pH and H 2 S, as are reports investigating ways to attenuate H 2 S in the rumen. The objectives of this study were 1) to examine the effects of 0%, 20%, 40%, or 60% dietary inclusion of DDGS on rumen pH, H 2 S, sulfi de (S 2− ) and concentration of organic acids and 2) to determine if the risks associated with S and pH in DDGS could be reduced by adding 2% NaOH to the DDGS before feeding.
MATERIALS AND METHODS
All animal procedures were approved by the Agricultural Animal Care and Use Committee of The Ohio State University and followed guidelines recommended in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (FASS, 2010) .
Experiment 1
Animals and Diets. Seven Angus cross ruminally fi stulated heifers (average initial BW = 537 ± 25 kg) were placed on trial at the Ohio State University Ohio Agricultural Research and Development Center (OARDC) feedlot in Wooster, OH. Heifers were randomly allotted to 1 of 4 dietary percentages of DDGS (Table 1) : 1) 0% DDGS inclusion (0DDGS), 2) 20% DDGS inclusion (20DDGS), 3) 40% DDGS inclusion (40DDGS), and 4) 60% DDGS inclusion (60DDGS). The remainder of the diet was 15% corn silage, corn, and a mineral supplement. The aforementioned diets were fed for ad libitum intake in a replicated 4 × 4 Latin square design with 1 missing replicate per period. Dietary treatment sequences were assigned according to procedures described by Patterson and Lucas (1962) .
Heifers were housed in individual pens. Pens were 2.6 × 1.5 m and consisted of metal gates and a slatted concrete fl oor. Heifers were fed daily at 0800 h. Dietary ingredient samples were collected at the beginning of each period to determine DM adjustments. Dietary ingredient samples (0.45 kg) also were taken on the day of collection, and any refusals were collected and weighed the day after collection. Samples of refusal and each diet component were saved for later analysis. Each period consisted of a 14-d feeding phase followed by 2 d of rumen collections. On the fi rst day of each period, all 7 heifers underwent partial rumen evacuations. The rumen contents from individual heifers (approximately 8 L) were mixed and then redistributed to heifers fed the corresponding diets in the next period to reduce potential carryover effects on rumen microorganisms and facilitate diet transitions.
Sampling and Analysis. Feed and refusal samples were freeze-dried (Labconco, Freeze Dryer 8, Kansas City, MO) then ground using a Wiley mill (1-mm screen; Arthur H. Thomas, Philadelphia, PA). Diets were hand mixed in the lab from the ground ingredient samples taken the day of collection and composited over the 4 periods such that there were 4 total diet samples for analysis. All samples were analyzed for DM (24 h at 100°C). Composited diet samples were subjected to perchloric acid digestion and inductively coupled plasma atomic emission spectroscopy (ICP) analysis of complete minerals (AOAC method 975.03; AOAC, 1988) and also were analyzed for ADF and NDF (using Ankom Technology methods 5 and 6, respectively; Ankom200 Fiber Analyzer, Ankom Technology, Fairport, NY), CP (macro Kjeldahl N × 6.25), and fat (using the ether extract method; Ankom Technology). A fresh sample of the total mixed diet was taken from the feed bunks in period 4 to be analyzed for titratable acidity. Titratable acidity was measured by mixing a 50-g sample of the diet with 200 mL of distilled water in a blender for 30 s. This mixture was then titrated with 1 M NaOH until it reached pH 7.0. Rumen gas was sampled through the cannula cap via puncture with a 10 gauge needle. The gas was collected at 0, 1.5, 3, 6, 9, 12 , and 18 h postfeeding, and H 2 S concentration was measured via precision gas detector tubes (number 120SF, Sensidyne, Clearwater, FL) attached to a calibrated gas detection pump (Model AP-20S, Sensidyne). The concentration of H 2 S was read from the tube by the same individual for each sampling. This sampling technique was validated by Gould et al. (1997) .
Rumen fl uid samples were strained through 4 layers of cheesecloth for pH, S 2− , and short-chain fatty acid (SCFA) measurements. Measurements of pH and liquid S 2− were taken at 0, 1.5, 3, 6, 9, 12 , and 18 h postfeeding. A dual electrode meter was used to measure pH and S 2− (Accumet excel XL25 dual-channel pH/ion meter; Fisher Scientifi c, Suwanee, GA), and samples were measured within 2 min of collection. To measure pH, the electrode (Accumet pH/ ATC polypropylene body liquid-fi lled combination electrode with Ag/AgCl reference with BNC mini connector; Fisher Scientifi c) was simply submersed in the strained rumen fl uid. To measure liquid S 2− , 25 mL of strained rumen liquid was mixed with 25 mL of sulfi de antioxidant buffer (SAOB; Fisher Scientifi c catalog number 13-641-882) to stabilize the S ions. The samples were shaken vigorously, and then S 2− was measured via sulfi de electrode (Accumet silver/sulfi de combination electrode; Fisher Scientifi c).
Samples for SCFA were taken at 0, 3, and 6 h to represent SCFA concentration before and after feeding. Samples were initially prepared by mixing 10 mL of H 3 PO 4 with 50 to 75 mL of rumen fl uid and then adding water to match the volume of rumen fl uid used. This mixture was placed in the refrigerator for 2 d and mixed several times a day by shaking. On the third day, the samples were removed from the refrigerator, and ~40 mL of sample was poured into centrifuge tubes and centrifuged at 45,000 × g at 25°C for 20 min. The supernatant was fi ltered through a 0.45-μm fi lter. Then, 1.0 mL of the fi ltered sample was pipetted into a gas chromatography (GC) vial with 0.1 mL of internal 2-ethyl butyrate standard. The GC vials were stored at −20°C until analyzed by gas chromatography (model 5890A, Hewlett Packard, Palo Alto, CA) for VFA. Lactic acid was analyzed using fi ltered rumen fl uid that was deproteinated by a 2:1 mixture of 8% phosphoric acid:rumen fl uid. The deproteinated sample was then analyzed using a colorimetric method (Boehringer Mannheim Test-Combination D/L-Lactic acid; RBiopharm AG, Darmstadt, Germany) on a plate reader spectrophotometer (Multiskan MCC, Thermo Electron Corporation, Fisher Scientifi c).
For NDF and CP disappearance of DDGS in situ, a sample size of approximately 10 g of DDGS was weighed into in situ bags (Ankom Technology, 10 × 20 cm forage bags), and samples were incubated in the rumen for 12 and 24 h. In addition, 4 bags were used to determine the "washout" (0 h) value of DDGS from the in situ bags. These bags were not placed in the rumen but were subjected to the same rinsing, freezing, and drying procedures as the incubated bags. In situ DM, NDF, and CP were analyzed; however, DM washout from in situ bags of the DDGS fed in this experiment was approximately 40%. Therefore, data are not presented.
Unstrained rumen samples were taken from all heifers at 0 h to determine the effects of DDGS inclusion on concentration of rumen protozoa. Protozoa were counted using the method outlined by Dehority (1984) .
Statistical Analysis. The experimental design was a replicated 4×4 Latin square. Repeated measures were used to analyze rumen H 2 S concentration, liquid S 2− , pH, and SCFA. Data were analyzed using the MIXED procedure (SAS Inst., Inc., Cary, NC). The Bayesian information criterion was used to select the compound symmetry covariance structure. The model was:
where Y ijkm = response variable, μ = mean, S i = the fi xed effect of square, c j(i) = the random effect of calf nested within square, p k = the random effect of period, D l = the fi xed effect of DDGS inclusion, T m = the fi xed effect repeated of time of collection, (TD) lm = the fi xed effect of the interaction of time of collection and DDGS inclusion, c i(m) = the random effect of calf nested within time, and e ijklm = the experimental error. Signifi cance was declared at P < 0.05. Trends are discussed at 0.05 < P < 0.10.
Experiment 2
Animals and Diets. Eight Angus cross ruminally fi stulated heifers (average initial BW = 644 ± 27 kg) were placed on trial at The Ohio State University OARDC feedlot in Wooster, OH. Heifers were randomly allotted to 1 of 4 dietary treatments arranged in a 2 × 2 factorial (Table 2 ): 1) 25% DDGS inclusion, untreated (25UN), 2) 60% DDGS inclusion, untreated (60UN), 3) 25% DDGS inclusion, treated with 2% NaOH (25T), and 4) 60% DDGS inclusion, treated with 2% NaOH (60T). The remainder of the diet was 15% corn silage, corn, and a mineral supplement. The aforementioned diets were fed for ad libitum consumption daily at 0800 h in a replicated 4 × 4 Latin square design. Diet samples were collected and methods of animal husbandry were the same as in Exp. 1. Treatment of DDGS with NaOH was accomplished by mixing 150 kg of DDGS with 7.5 kg of a 40% solution of NaOH and water. This resulted in a 2% NaOH treatment of DDGS in an amount suffi cient to last approximately 10 d. The pH of DDGS before treatment averaged 4.2, and pH after treatment with 2% NaOH averaged 7.0. Titratable acidity samples of the total mixed diet were taken in all 4 periods. Titratable acidity was measured by mixing a 50-g sample of the diet with 200 mL of distilled water in a blender for 30 s. This mixture was then titrated with 1 M pH of 7.0. Daily NaOH necessary to buffer acid intake was calculated with the following equation:
One heifer was not used in period 1 on the 60T diet, and the same heifer was not used in period 4 on the 60UN diet because DMI was less than 5 kg.
Sampling and Analysis. Sampling procedures and analysis were performed as described above for Exp. 1, except for the in situ sampling. Because of the high washout of DDGS from the in situ bags observed in Exp. 1, different was estimated by the NDF disappearance of soybean hulls (SBH) in situ. Four replicate bags (Ankom Technology, 10 × 20 cm forage bags) were used at each time of incubation, and each bag contained 10 g of SBH. Bags were tied shut with nylon string and then placed in larger mesh sacs with weights. These larger sacs, 1 per animal, were placed in the rumen at 0800 h on the second day of rumen collections. Four replicate in situ bags were removed from the mesh sacs after 24 and 48 h incubation in the rumen. Rumen protein degradation was estimated by the CP disappearance of soybean meal (SBM) in situ. The technique for the pro-12 and 24 h rumen incubation times were used. Washout values were determined for 4 replicate bags of SBH and 4 replicate bags of SBM as described for Exp. 1. In situ bags were rinsed, frozen, dried, weighed, and analyzed and disappearance was calculated as in Exp. 1.
Statistical Analysis. The experimental design was a replicated 4 × 4 Latin square with a 2 × 2 factorial arrangement of treatments. Repeated measures were used to analyze rumen H 2 S concentration, liquid S , pH, SCFA, and in situ dry matter, CP, and NDF disappearance. Data were analyzed using the MIXED procedure of SAS. The Bayesian information criterion was used to select the compound symmetry covariance structure. The model used was:
where Y ijklmn i = the j(i) = the random effect of calf nested within square, p k = the random effect of period, D l m effect of NaOH treatment, (DN) lm the interaction of DDGS and NaOH treatment, T n = the nl = the DDGS inclusion, (TN) nm -action of time of collection and NaOH treatment, (TDN) nlm -tion and DDGS inclusion and NaOH treatment, c i(n) = the random effect of calf nested within time, and e ijklmn P < 0.05. Trends are discussed at 0.05 < P < 0.10.
RESULTS AND DISCUSSION

Experiment 1
Dietary DMI decreased (linear; P < 0.01) with increasing dietary DDGS inclusion (11.1, 10.6, 9.6, and 8.4 kg/d for 0DDGS, 20DDGS, 40DDGS, and 60DDGS, respectively). High dietary inclusion of DDGS has been shown to reduce intake in feedlot cattle (Ham et al., g daily DMI mL of 1 NaOH to titrate 50 g = 50 g sample mL NaOH to neutralize acid intake, . d M × 1994), and this depression in DMI has been attributed, at least in part, to the high S content in DDGS-based diets (Klopfenstein et al., 2008) . Increasing DDGS increased the concentration of dietary S in the present study (Table  1) , thereby increasing S intake. Uwituze et al. (2011) fed diets containing either 0.42% (basal level) or 0.65% dietary S (0.23% added from sulfuric acid) and found that the high S decreased DMI and increased H 2 S concentration in the rumen gas cap.
In the present study, H 2 S and liquid S 2− concentrations were increased (linear; P < 0.01) from 0 to 18 h postfeeding with increasing dietary DDGS (Figures 1  and 2 , respectively). Increasing dietary DDGS increases the dietary concentration of sulfates (SO 4 ). In the rumen SO 4 are reduced to sulfi des, which can be further reduced to H 2 S (Lewis, 1954) ; therefore, the effects of dietary DDGS inclusion on rumen H 2 S and liquid S 2− concentrations were expected. Most SO 4 -reducing microbes in the rumen use the dissimilatory pathway, leading to the production of S 2− (Durand and Komisarczuk, 1988) . The S 2− rapidly binds available hydrogen ions (H + ) in the rumen to form H 2 S (Kandylis, 1984) . The magnitude of the H 2 S increase is an important risk factor for PEM. Eructated H 2 S can be inhaled and can directly enter circulation (Gould et al., 1997) , allowing H 2 S to go to the brain and disrupt energy metabolism, causing necrosis and lesions in the brain (Ward and Patterson, 2004) . Gould et al. (1997) found that cattle with rumen concentrations of H 2 S of 2,000 mg/L or greater are at risk for PEM. By that defi nition, cattle consuming 40DDGS and 60DDGS diets in this experiment were at risk for PEM. The concentration of H 2 S noted at these inclusions may be the cause for decreased performance when DDGS is fed at more than 40% of the diet DM.
A lower rumen pH represents an increase in H + available to bind with S 2− , thus increasing the production of H 2 S as described above. Regardless of diet, all cattle in this experiment had rumen pH values below 5.3 for 12 h out of the day (Figure 3 ). Increasing dietary DDGS tended to decrease (linear; P = 0.08) mean rumen pH (5.30, 5.38, 5.31, and 5 .09 for 0%, 20%, 40%, and 60% DDGS, respectively). However, rumen pH was affected by time by dietary DDGS interaction (P < 0.01). At 9 h postfeeding, rumen pH was decreased (P < 0.01) with increasing DDGS, and increasing DDGS tended to decrease (P ≤ 0.08) rumen pH at 0, 3, and 6 h postfeeding; effects at other time points were not detected (P > 0.10). Therefore, not only did these cattle have increased rumen S 2− from the increased concentration of dietary SO 4 , but they also had a greater chance of forming H 2 S because more H + ions were available for at least 6 h per d. Furthermore, contrary to expectation, increasing dietary DDGS increased the risk of rumen acidosis. Felix and Loerch (2011) fi rst reported that DDGS may increase acid load because it may carry substantial quantities of H 2 SO 4 . In the present experiment, the titratable acidity of diets was measured in period 4. For the 0DDGS, 20DDGS, 40DDGS, and 60DDGS diets, 777, 1,529, 1,958, and 2,220 mL of 1 M NaOH, respectively, were needed to bring the daily acid intake to pH 7.0. The low rumen pH values observed may be partially responsible for the lower DMI with increasing DDGS in the present experiment and in previous reports (Ham et al., 1994) . Felix and Loerch (2011) reported that 37 L of saliva would be needed just to buffer the acid consumed if steers ate 11.7 kg of a 60% DDGS diet. Roughage is often added to ruminant diets to increase saliva production and buffer rumen acid- Figure 1 . Effect of increasing dietary dried distillers grains with solubles (DDGS) inclusion on rumen hydrogen sulfi de gas (H 2 S) over time in Exp. 1. The DDGS was included in the diet at either 0% diet DM (♦), 20% diet DM (■), 40% diet DM (▲), or 60% diet DM (×). Linear and quadratic effects of DDGS inclusion and a time × DDGS interaction were detected (P < 0.01). Effects of time were detected (P < 0.05). Error bars = SEM associated with time × DDGS interaction. The DDGS was included in the diet at either 0% diet DM (♦), 20% diet DM (■), 40% diet DM (▲), or 60% diet DM (×). Linear effects of DDGS inclusion and a time × DDGS interaction were detected (P < 0.01). Effects of time were detected (P < 0.05). Error bars = SEM associated with time × DDGS interaction.
ity. Although benefi cial, increasing dietary roughage was not suffi cient to buffer acid consumption of this magnitude (Felix and Loerch, 2011) .
There was a time by DDGS inclusion interaction (P ≤ 0.03) for ruminal acetate and propionate (Table 3) . At 3 h postfeeding, acetate and propionate concentrations increased (linear; P ≤ 0.04) with increasing dietary DDGS inclusion. This led to a linear increase (P = 0.01) in total VFA at 3 h postfeeding as well. At 6 h postfeeding, acetate and propionate concentrations were not affected (P > 0.13) by level of dietary DDGS inclusion. The A:P was less than 1.25 mM at all time points, regardless of dietary treatment. The values for A:P were less than those typical in cattle fed corn-based feedlot diets (Van Soest, 1994) . It is interesting to note that despite the lack of starch in DDGS, propionate concentrations increased with increasing DDGS at 3 h after feeding. However, most of the A:P response can be attributed to low concentrations of acetate. Acetate is a primary end product of fi ber fermentation and fi ber fermentation would be greatly impeded at the rumen pH conditions observed in this experiment (Van Soest, 1994) . The rumen protozoa population is also sensitive to the rumen environment (Franzolin and Dehority, 1996) ; however, there was no difference (P = 0.11) in protozoal counts due to diet in this study (protozoa numbers were 4.7, 1.9, 0.6, and 1.1 × 10 5 cells/mL for 0DDGS, 20DDGS, 40DDGS, and 60DDGS diets, respectively ). It is important to note that concentration of rumen protozoa was highly variable, as evidenced by the high SE (1.9 × 10 5 ). Only 6 heifers had detectable protozoa, and 4 of these 6 only had protozoa for 1 period. Rumen protozoa growth is impeded at low pH, and the averages reported here are low even for cattle fed grainbased feedlot diets (Franzolin and Dehority, 1996) . There is little information published on the effects of increasing inclusion of DDGS on the microbial ecology of the rumen. On the basis of the rumen conditions we observed, substantial shifts in rumen microbes could occur.
There were no time by DDGS inclusion interactions (P > 0.25) for D-lactate, L-lactate, or total lactate concentrations (Table 4) . Mean concentrations of D, L, and total lactate increased (linear, P < 0.01; quadratic P ≤ 0.02) with increasing dietary inclusion of DDGS. Solubles in distillers grains may contain signifi cant concentrations of lactate (Kim et al., 2008) ; therefore, the increase in rumen lactic acid concentration may refl ect the increased solubles in the diet with increasing DDGS inclusion. Typically, rumen fl uid will contain anywhere between 1 and 20 mM lactate The P-values in the row with the VFA name are from the repeated-measures model, where D is the main effect of DDGS and D × T is the interaction of DDGS × time. When an interaction of D × T occurred (P < 0.05), the SLICE option (SAS Inst., Inc., Cary, NC) was used to compare treatments at each time period. The SEM shown is associated with the D × T means.
2 P < 0.01 for effect of time. Effect of increasing dietary dried distillers grains with solubles (DDGS) inclusion on rumen pH over time in Exp. 1. The DDGS was included in the diet at either 0% diet DM (♦), 20% diet DM (■), 40% diet DM (▲), or 60% diet DM (×). Linear and quadratic effects of DDGS inclusion tended to be signifi cant (P ≤ 0.10), and a time × DDGS interaction was detected (P < 0.01). Slice effects indicated increasing DDGS decreased rumen pH at 9 h (P < 0.01) and tended to decrease (P = 0.06) rumen pH at 3 and 6 h. Effects of time were detected (P < 0.05). Error bars = SEM associated with time × DDGS interaction. (Møller et al., 1997) . Total lactate in the present experiment was less than 5.71 for all diets. These values are low for cattle consuming high-concentrate diets and therefore are not likely the cause of the low rumen pH seen in this study. Felix and Loerch (2011) hypothesized that low rumen pH on 60% DDGS diets was caused by the H 2 SO 4 in the DDGS and titratable acidity of the diets in the present experiment confi rms that hypothesis. Sulfuric acid has a pKa of 1.92 (Brown et al., 2006) , whereas lactic acid has a pKa of 3.85 (Boyer, 2002) . Thus, H 2 SO 4 is a much stronger acid than lactic acid and explains the low rumen pH values reported here.
Because DDGS is high in both NDF and CP (NRC, 2000), our intent was to estimate effects of dietary DDGS inclusion on rumen degradation of these 2 DDGS components in situ. However, DM washout from in situ bags of the DDGS fed in this experiment was approximately 40%. Therefore, no in situ data for Exp. 1 are presented.
Experiment 2
There was no interaction (P = 0.36) of NaOH treatment and DDGS inclusion on DMI (Table 5 ). However, heifers receiving the 60% DDGS diets, regardless of NaOH treatment, had decreased (P < 0.01) DMI when compared with the heifers receiving the 25% DDGS diets. Because one of our objectives was to buffer the acidity in DDGS in this experiment, analysis for diet pH and titratable acidity were conducted in every period. There was an interaction (P ≤ 0.04) for pH of the diet and for milliliters of NaOH needed each day to bring the consumed diet to pH 7.0. Treating the DDGS with 2% NaOH increased dietary pH by 0.75 units when 25% DDGS diets were fed; however, treating the DDGS with 2% NaOH increased dietary pH by 1.74 units when 60% DDGS diets were fed. This change in dietary pH caused a 45% decrease in 1 M NaOH needed to buffer dietary acidity when 25T diets were fed compared with 25UN and a 64% decrease when 60T diets were fed compared with 60UN. These responses would be expected because the DDGS fed with the 25T and 60T diets was treated directly with 2% NaOH. Thus, the 60T diet contained the most NaOH.
There were no time × treatment interactions (P ≥ 0.10; Figure 4) ; however, mean rumen pH was increased (P < 0.01) when DDGS were treated with 2% NaOH compared with untreated DDGS (5.38 vs. 5.61, respectively) . Increasing dietary DDGS increased the diet acidity but also increased the amount of NaOH these heifers consumed. Effects of dietary DDGS inclusion and the DDGS inclusion by NaOH treatment interaction were not detected (P ≥ 0.37) for rumen pH. The treatment responses for rumen pH may affect ruminal H 2 S because H 2 S may be increased when more H + ions are available to form H 2 S (Gould et al., 1997; Gould, 1998; Kung et al., 2000) . There was an interaction (P = 0.05) of time × NaOH treatment × DDGS inclusion for H 2 S concentration ( Figure 5 ). This interaction occurred because the magnitude of the response to NaOH treatment was greater for the 60% DDGS diets than for the 25% DDGS diets from 1.5 to 12 h postfeeding, and the magnitude of this response was less at 0 and 18 h postfeeding. The pK a of H 2 S is 7.2; therefore, higher rumen pH, caused by feeding NaOH-treated DDGS, decreased formation of H 2 S. Although cattle fed 25UN and 60UN diets exhibited rumen pH below 5.2 for 9 h of the day, cattle fed 25T and 60T diets stayed above pH 5.2 for all time points measured. Gould (1998) has suggested that rumen concentrations of H 2 S above 2,000 mg/L increased the risk of PEM. On the basis of this criterion, heifers fed 60% DDGS in the present experiment would be at risk regardless of NaOH treatment. In addition to rumen pH, H 2 S concentrations are also affected by S intake; however, the relationship between dietary S and PEM does not appear to be linear. In a meta-analysis containing data from more than 4,000 cattle, Vanness et al. (2009) reported that PEM incidence was low until a threshold of 0.56% dietary S was reached. Thus, the amount of dietary S and pattern of feed intake would be expected to affect H 2 S response postfeeding. From 1.5 to 12 h postfeeding, cattle fed 60T had H 2 S concentrations that were approximately 1,000 mg/L less than those fed 60UN. For the 60UN diet, the peak H 2 S concentration occurred at 3 h postfeeding, whereas for the remaining diets, the peak H 2 S concentration occurred at 9 or 12 h postfeeding. Just as rumen pH fl uctuates throughout the day in response to acid concentration and salivary buffering, H 2 S concentration fl uctuates in response to S intake and rumen pH and other factors. Sampling at multiple time points postfeeding may be necessary to accurately characterize the H 2 S concentrations. A similar trend for S 2− concentration occurred as for H 2 S concentration. There was an interaction (P = 0.06) of NaOH treatment × DDGS inclusion × time for S 2− concentrations ( Figure 6 ). This interaction occurred because the magnitude of the response to NaOH treatment was greater for the 60% DDGS diets than for the 25% DDGS diets from 1.5 to 9 h postfeeding, and the magnitude of this response was less at 0 and 18 h postfeeding. Because S intake was similar within DDGS inclusion level, this change in S 2− may have been related to a change in absorption of S 2− across the rumen epithelium; however, no measures of S 2− absorption were taken in this experiment.
There were no interactions (P ≥ 0.24) of DDGS inclusion by NaOH treatment by time for VFA concentrations (Table 6 ). Treatment of DDGS with 2% NaOH did not affect (P = 0.33) acetate concentrations over time. Acetate is a major VFA end product of fi ber fermentation, and fi ber fermentation is affected by rumen pH (Van Soest, 1994) . Despite the increase in rumen pH observed when DDGS was treated with NaOH, rumen pH for all diets in the present experiment were well below the optimum, between 6.0 and 6.8 (Mould et al., 1983; Hoover, 1986) , for fi ber fermentation. There was also no effect (P = 0.12) of treating DDGS with NaOH on propionate concentration. The reason for this response is unclear. Therefore, the A:P was not affected (P = 0.24) when NaOH-treated DDGS were fed at 25% or 60% of the diet DM. However, time × DDGS interactions were detected (P < 0.01) for acetate, propionate, butyrate, and total VFA. Increasing dietary DDGS percentage tended to decrease (P ≤ 0.06) acetate concentrations at 0 h postfeeding and increase acetate concentrations at 3 h postfeeding. At expected peak fermentation (3 and 6 h postfeeding), propionate concentrations were not affected (P ≥ 0.43) by DDGS dietary inclusion, but they tended to be reduced (P = 0.08) by the 60% inclusion of DDGS at 0 h. Total VFA concentrations followed acetate and tended to be decreased (P = 0.09) by 60% DDGS inclusion at 0 h postfeeding, increased (P = 0.10) at 3 Figure 4 . Effect of NaOH treatment of dried distillers grains with solubles (DDGS) and DDGS inclusion on rumen pH over time in cattle fed 25% or 60% DDGS that was either untreated or treated with 2% NaOH in Exp. 2. Diets fed to steers contained either 25% DDGS inclusion, untreated (♦), 25% DDGS inclusion treated with 2% NaOH (■), 60% DDGS inclusion, untreated (▲), or 60% DDGS inclusion treated with 2% NaOH (×). There was a main effect of NaOH treatment (P < 0.01). No effects of DDGS, DDGS × time, NaOH × time, NaOH × DDGS, or NaOH × DDGS × time were detected (P ≥ 0.10). Error bars = SEM associated with NaOH × DDGS × time interaction. Figure 5 . Effect of NaOH treatment of dried distillers grains with solubles (DDGS) and DDGS inclusion on rumen hydrogen sulfi de gas (H 2 S) over time in cattle fed 25% or 60% DDGS that was either untreated or treated with 2% NaOH in Exp. 2. Diets fed to steers contained either 25% DDGS inclusion, untreated (♦), 25% DDGS inclusion treated with 2% NaOH (■), 60% DDGS inclusion, untreated (▲), or 60% DDGS inclusion treated with 2% NaOH (×). An interaction of NaOH × DDGS × time was detected (P = 0.05). Error bars = SEM associated with NaOH × DDGS × time interaction.
h postfeeding, and not affected (P = 0.37) by dietary DDGS level at 6 h postfeeding. There was no interaction (P ≥ 0.66) of DDGS inclusion by NaOH treatment by time for D-lactate concentrations; however, cattle fed 60% DDGS-based diets had greater (P < 0.01) d-lactate and total lactate than those cattle fed only 25% DDGS (Table 7) . Regardless, D-lactate remained below 0.58 mM for all times and treatments. There were no effects (P ≥ 0.08) of DDGS inclusion or treatment on L-lactate concentrations. Total lactate remained below 1.3 mM for all time points and all dietary treatments. Therefore, rumen acidosis in cattle fed DDGS-based diets is not likely caused by lactic acid but rather by acid present in the diet, as discussed in Exp. 1.
Because of the increased washout of DDGS from in situ bags observed for Exp. 1, SBM and SBH were used as substrates to evaluate effects of dietary DDGS and treatment with NaOH on rumen conditions for protein and fi ber degradation, respectively. When SBM was used as the substrate in the in situ bags, there was an effect (P = 0.04) of DDGS treatment with NaOH on DM disappearance (DMD; Table 8 ). Mean DMD of SBM increased more when DDGS was treated with NaOH than for untreated DDGS. There was an effect (P = 0.01) of DDGS inclusion on mean CP disappearance. The cattle fed 60% DDGS diets had greater in situ CP disappearance than those fed the 25% DDGS diets. We had expected an interaction between NaOH treatment and DDGS inclusion because we observed a 14% increase in titratable acidity when we compared the 25UN with the 60UN diets; however, and perhaps more importantly, we observed a 24% decrease in titratable acidity between the 25T and the 60T diets. Loerch et al. (1983) found that lower rumen pH reduced SBM degradation on high-moisture corn (HMC)-based diets and that treatment of HMC with NaOH increased SBM in situ protein degradation. We theorize that rumen pH may have been too low on all treatments for differences in in situ CP disappearance to be detectable. When a different substrate, SBH, was used in the in situ bags, there was an interaction (P = 0.03) for DDGS inclusion and NaOH treatment on DMD. When untreated DDGS were fed, the 60% inclusion decreased DMD of SBH when compared with the 25% inclusion; however, when DDGS were fed after 2% treatment with NaOH, 60% DDGS increased the DMD of SBH when compared with 25%. There also tended to be an interaction (P = 0.08) of DDGS inclusion and treatment with NaOH on NDF disappearance. When 25% DDGS was fed, NaOH treatment increased 48-h NDF disappearance by 6.8 2 P < 0.01 for effect of time for all measures. 3 No effects of NaOH treatment, NaOH treatment × time, or NaOH treatment × level of DDGS inclusion were detected (P ≥ 0.12) for all measures. 4 Hours 0, 3, and 6 indicate time postfeeding. 5 A:P = acetate:propionate. Figure 6 . Effect of NaOH treatment of dried distillers grains with solubles (DDGS) and DDGS inclusion on rumen liquid sulfi de (S 2− ) over time in cattle fed 25% or 60% DDGS that was either untreated or treated with 2% NaOH in Exp. 2. Diets fed to steers contained either 25% DDGS inclusion, untreated (♦), 25% DDGS inclusion treated with 2% NaOH (■), 60% DDGS inclusion, untreated (▲), or 60% DDGS inclusion treated with 2% NaOH (×). There tended to be an interaction of NaOH × DDGS × time (P = 0.06). Error bars = SEM associated with NaOH × DDGS × time interaction.
percentage units, whereas when 60% DDGS was fed, NaOH treatment increased NDF disappearance by 14.5 percentage units. This could be due to the increased rumen pH noted for heifers fed treated DDGS vs. those fed untreated DDGS. Cellulolytic bacteria exhibit decreased growth and function at low rumen pH (Mould et al., 1983; Hoover, 1986) . These data suggest that treating DDGS with 2% NaOH before feeding can attenuate the low pH caused by H 2 SO 4 in DDGS and improve environment in cattle fed high amounts of DDGS may contained within DDGS.
Conclusions
Despite the lack of starch in DDGS, increasing dietary DDGS increased the risk of rumen acidosis. The acid present in DDGS is largely responsible for the ruminal acid load in cattle fed greater than 20% DDGS. Despite the observation that cattle consuming 40% and 60% DDGS in Exp. 1 had greater ruminal H 2 S concentrations than the PEM threshold reported by Gould (1998) , these cattle did not exhibit PEM. They did, however, exhibit decreased DM intake. Low rumen pH contributes to increased production of H 2 S, alters rumen -tation when increasing levels of DDGS are fed. Rumen pH can be altered by treating DDGS with 2% NaOH before feeding. This treatment of DDGS before feeding not only reduced the risk of rumen acidosis by increasing rumen pH but also increased rumen degradation of NDF. Treating DDGS with 2% NaOH has the potential to reduce PEM risk and may allow for increased dietary -mance. 1 D = the effect of level of DDGS inclusion; D × T = level of DDGS inclusion × time; NaOH × D × T = the interaction of NaOH treatment × level of DDGS inclusion × time. The SEM shown in the row with the name of the item is associated with the NaOH × D × T means.
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2 P < 0.01 for effect of time for all measures. 3 No effects of NaOH treatment or NaOH treatment × level of DDGS inclusion were detected (P ×time effects (P = 0.08) for D-lactate only. 4 Hours 0, 3, and 6 indicate time postfeeding. 
